Radial frequency (RF) patterns have been used to study the processes involved in shape perception. The psychophysical literature suggests that there are distinct global and local shape detection processes for low and high radial frequency patterns, but this has not been tested in a combined contour pattern, such as would be needed to describe the contours of most natural objects. Here, we combined frequencies from the local and global range onto a compound RF structure. Observers' ability to detect a single RF component on the compound pattern was measured. Results show that sensitivity to high frequency local deviations in shape was not affected by the presence of a globally perceived low frequency pattern. In the reverse condition, detection of global form was not influenced by adding local deviations onto the structure. This suggests that local and global shape information can be detected independently within the human visual system.
Introduction
Global pattern detection involves the integration of local form information (Badcock & Clifford, 2006; Badcock, Clifford, & Khuu, 2005; Poirier & Wilson, 2006; Wang & Hess, 2005; Wilson, Wilkinson, & Asaad, 1997) . One approach used to study form processing is to examine our ability to detect deformations in radial frequency (RF) contours (Hess, Achtman, & Wang, 2001 , 1999 Jeffrey, Wang, & Birch, 2002; Loffler, Wilson, & Wilkinson, 2003; Wilkinson, Wilson, & Habak, 1998) . Sinusoidal modulation of the closed-contour pattern's radius creates smooth deviations from circularity, where the RF specifies the number of complete cycles in 360°(see Fig. 1 ). Sensitivity to deviations in curvature in a number of different RF patterns is high. It is within the performance range to be considered a hyperacuity ; a contour displacement threshold smaller than the diameter of a foveal cone (Westheimer, 1975) . These periodic patterns are of interest because when several RF modulations are combined in the same pattern they can be used to represent the contours of complex natural shapes, such as fruit, human head contours and animal shapes (Alter & Schwartz, 1988; Wilson & Wilkinson, 2002; Wilson, Wilkinson, Lin, & Castillo, 2000) . When pattern frequencies are below 8 cycles/360°, adding more cycles of a nominated RF pattern to the contour improves detection performance too rapidly to be accounted for by probability summation of the detection of local features, ie. global shape processing is demonstrated (Hess, Wang, & Dakin, 1999; Jeffrey et al., 2002; Loffler et al., 2003) . Above a radial frequency of eight, performance can be best accounted for by summation of the probability of detection of individual cycles, consistent with independent detection of the cycles, ie. local processing (Hess et al., 1999; Jeffrey et al., 2002; Loffler et al., 2003). The research literature implies separate processes but previous reports have used contours comprised of a single RF. The current study sought to determine if global and local form information can be independently detected, even when combined onto the same contour. To investigate this, we measured sensitivity to an RF pattern in isolation and also, in the presence of a second RF component on the same compound pattern (see Fig. 1 ). The latter involved combining a radial frequency from the range where strong global operations have been reported (RF3) and a second radial frequency component well above the global integration limit of approximately eight complete cycles (RF24).
Methods

Participants
Three experienced psychophysical observers participated in the current experiment. JB was an author, whilst EC and JM were naïve about the purposes of the experiment. All subjects had normal or corrected-to-normal vision. Viewing was binocular.
Apparatus and stimuli
Stimuli were drawn using Matlab 6.5 (Mathworks, Nantucket, 2002) on a host Pentium computer (2.4 GHz) and then loaded onto the framestore of a VSG 2/5 graphics card (Cambridge Research Systems [CRS] , Rochester, 2002) . The images were displayed on a Sony Trinitron 17 SE II monitor with a screen resolution of 1024 · 768 and a frame rate of 100 Hz. The luminance of the monitor was regularly Gamma corrected using an Optical device (CRS, Head # 265). A chinrest was used to maintain a fixed viewing distance of 131 cm; at this distance, a square pixel subtended 0.75 0 . Testing took place in a darkened room. The RF patterns in the current experiment were designed to be consistent with those used in previous research . The distance to the midpoint of the contour from the centre of the figure is given by the equation:
Where r and h refer to the polar coordinates of the contour (in radians) and r mean is the average radius of the contour. A 1 and A 2 are the radial deformation amplitudes for the two components (restricted to a number between zero and 0.5 in order to ensure compound patterns did not overlap the polar centre); x is the radial frequency (number of cycles in 2p radians) and / is the relative phase angle. The second radial frequency component was set to A 2 = 0 when it was not presented on the contour (i.e. a single RF pattern). All patterns had a radius of 0.5°and the luminance profile of a radial cross section approximated a D4 (fourth derivative of a Gaussian) set at 99% contrast and a peak spatial frequency of 8c/°. The screen had a mean luminance of 50.4 cd/m 2 .
Procedure
The method of constant stimuli (MOCS) was used to control stimulus presentation in conjunction with a two-interval forced choice task. In one interval a smooth circle was shown and in the other, an RF contour with systematic modulation of the radius. Observers were asked to indicate which interval contained the RF contour. The spatial position of the test and reference patterns was independently jittered up to ±25% of the pattern radius on each successive trial. The phase of each pattern was also randomised on each trial. Stimuli were presented for 160 ms with an 300 ms ISI. Subjects indicated their responses using a two button mouse. No feedback was given. Observers were also tested with stimuli including a second radial frequency component in the contour, to determine if sensitivity to the first RF component was affected by the presence of the second. In three interleaved conditions, the amplitude of the second RF component was varied, from subthreshold (0.5 its own threshold detectability) through to suprathreshold (2· or 15· its own Threshold). A cumulative Gaussian function was fit to the data describing correct identification as a function of amplitude of modulation (of the first component) and used to obtain a threshold which corresponded to 75% detection accuracy (Prism 4.0, Graphpad Software Inc. 2003) . Testing was completed in several 1hr sessions. Each threshold is the result of at least five separate runs and a minimum of 700 responses per observer. The research protocol was approved by the UWA Human Research Ethics committee. Fig. 2 (upper) presents performance for three observers when detecting an RF24 pattern (±95% confidence intervals (CIs)). The vertical axes shows the modulation amplitude required for discrimination as a proportion of the average pattern radius (Weber fraction). The horizontal axes indicate the relative amplitude of the second RF3 component on the compound. The leftmost data points describe thresholds for detecting the RF24 pattern in isolation (no second RF component added), while the others contain an RF3 at the specified multiple of its own detection threshold. For all three observers, the pattern of results across conditions is the same. Detection of the RF24 pattern is unaffected by the addition of an RF3 component onto the compound. Repeated measures ANOVA yield no significant differences (F 3,6 = 0.47, p = 0.71). These results indicate that local shape perturbations are detected as well in the presence of a global stimulus as when detected in isolation. This is as predicted since RF24 patterns are thought to be detected via local cues and the RF3 only minimally distorts those cues, but this has not been demonstrated on a single contour previously.
Results
We also investigated whether detection of a global shape (RF3) was influenced by the addition of local form perturbations (RF24) onto the feature. Detection of the RF3 pattern is thought to use information from the whole contour. The same range of threshold values was used for the second RF component as before (either no second component added or one with half, double or 15· its own threshold). Fig. 2 (lower) presents the results for three observers. Thresholds now describe detection of an RF3 pattern. Again performance is consistent across observers. Thresholds for the RF3 in isolation (leftmost data points) were very similar to those obtained in the presence of the second RF component. The ANOVA revealed a significant effect of condition (F 3,6 = 4.98, p < 0.05) but post-hoc analysis (Newman-Keuls Multiple Comparison Test) revealed that the only significant difference was between the slight facilitation in RF3 detection when the RF24 component was at double threshold, and the very slight RF3 reduction in performance when the RF24 was at 15· threshold (p < 0.05). No thresholds were significantly different from detection thresholds for the RF3 in isolation. To ensure that the slight increase observed in RF3 detection thresholds, when the RF24 component was at 15· threshold was not evidence of a suprathreshold masking effect, two observers (JB and EC) completed an additional condition with the RF24 component at 20 times threshold. Performance for both observers was identical to performance in detecting the RF3 in isolation, confirming that low RF pattern detection (RF3) is not affected by adding high frequency modulations (RF24). The overall pattern of results suggests that global form information can be detected despite high frequency perturbations to the path.
Discussion
The aim of the current study was to investigate whether global and local form information can be detected independently when combined on a single path. The results in Fig. 2 (upper) show that detection of a high frequency pattern is not compromised by the presence of a low RF component and Fig. 2 (lower) demonstrates that detection of the low RF pattern is not influenced by adding high frequency shape distortions. To explain these results it is helpful to consider the cues which are being used to detect RF shape. RF pattern detection is dependent upon the contribution of both orientation and positional cues along the contour (Hess et al., 1999) . Modulation of pattern radius creates a change in both attributes, relative to the smooth path. Wang and Hess (2005) showed that a combination of these cues supported global processes, whilst either in isolation was insufficient. It is also evident that recombining orientation and positional cues along the contour path reintroduces another potential cue, curvature.
There is evidence that points of maximum curvature are important in the coding of RF structure (Habak, Wilkinson, Zakher, & Wilson, 2004; Loffler et al., 2003) . Research involving the masking of RF pattern detection with another RF pattern (of dissimilar radius) is very tightly tuned for RF, indicating that curvature frequency is important to the global RF detection mechanism (Habak et al., 2004) . It has also been shown that the strength of global processing is directly related to the frequency of curvature information along the RF contour; with strongest integration at low radial frequencies and then a steady decrease in the strength of pooling as radial frequency increases (Jeffrey et al., 2002; Loffler et al., 2003) . Jeffrey et al. (2002) proposed that for RF patterns in the global range (<8 cycles/360°), the contour length between successive points of maximum curvature exceeds the minimum distance necessary to facilitate global shape integration but, for radial frequencies above this number, the spacing between points of maximum curvature are below the minimum sampling distance required and the curvature information is therefore inadequately sampled for global pattern integration. This argument is consistent with current research involving a single RF contour but the implied separation had not been tested when two radial frequencies were combined on a contour path. Our results indicate that when a high frequency modulation (RF24) is added to an RF3 pattern, the curvature of the RF3 pattern is still sufficiently well represented to allow the relevant local information to be available to the global mechanism. This means that local positional offsets, such as those introduced by adding a high frequency modulation do not interfere with the ability of the global unit to integrate curvature information across space. One way this could occur is by broadly sampling curvature information along the average radius of the contour, which would filter out the high frequency perturbations.
Poirier and Wilson have modelled global RF pattern perception and propose that two curvature mechanisms are required to account for human performance in detecting patterns up to RF10 (2006) . This is consistent with the range of RF patterns detected in accordance with global processes (Loffler et al., 2003) . Each curvature unit is tuned for a range of radial frequencies, a low frequency mechanism (RF2-8) and a high frequency mechanism (RF5 and above). Two mechanisms are necessary to account for the size invariance which is reported in RF pattern detection . These mechanisms are tuned to respond effectively to broad convexities and would therefore provide little effective response to high frequency modulations, as our results demonstrate (see Fig. 2 ). These broadly tuned curvature mechanisms are also compatible with previous reports which show that high radial frequency patterns are not detected in accordance with global processes (Jeffrey et al., 2002; Loffler et al., 2003) .
The current set of results provide an important extension to previous research which has proposed separate processing of global and locally detected RF patterns (Jeffrey et al., 2002; Loffler et al., 2003) . We have shown that the processing of global and local shape information remains independent even when tested on a compound pattern, and despite both types of form information being coincident on the contour path. Interaction would, however, be expected if both component RFs fell within the global range and there is research supporting this prediction (Bell & Badcock, 2006) . Using these types of compound shape provides a useful step towards successfully modelling the mechanisms which encode real world objects.
